In the present contribution, a scheme to solve transient cost-related optimization problem of dynamic transient procedure for copper flash smelting process is investigated. Taking the actual copper flash smelting process at a Smelter in China as the research object, the transient costrelated optimization problem is presented by integrating transient time, transient resources consumption and the state fluctuation constraint. Then, it was considered as the operational parameters trajectories optimization problem that generates minimum-time and minimum-resources consumption during dynamic transient procedure. The dynamic relationship and the working state fluctuation are constructed in the form of constraints in the resulting optimization problem formulation. The Legendre Pseudospectral method is used to solve the constrained, nonlinear optimization problem. The results of numerical experiments of dynamic transient procedure for copper flash smelting process are given to illustrate the proposed scheme.
Introduction
The pyrometallurgical flash smelting process is the main production method employed for extracting copper from its sulphide ores, 1) and it is widely used throughout the world for copper production, accounting for about 50% of global capacity for primary copper production. 2, 3) However, along with the increase of the yield and the progressively depleting of the clean deposit sources, the copper concentrates involving copper are becoming more and more complex and low grade, 4, 5) which makes it difficult to maintain high performance level that used to meet the desired production indicator, resulting in great resources losses. 6) In addition, the increasing energy demand from emerging economies versus the day-by-day decreasing storages of energy resource is implications that operator cannot any further disregard.
79)
The resources losses of copper concentrate may be attributed to two main factors: (i) probably for the reason of improper setting for operational parameters, the real-time running conditions deviate from the expectation, resulting in the insufficient extraction of copper concentrate resources; (ii) excessive time and/or copper concentrates resources may be consumed for dynamic transient procedure to change working conditions from real-time state to expectation, resulting in unnecessary waste of time and/or copper concentrate resources. Moreover, due to the complex about copper concentrate consisted of several separate streams, the dynamic transient procedure occurs frequently. For the former, the major concern is the extracted efficiency of copper concentrate resources for steady state process; the consumptions of time and resources of the dynamic transient procedure are mainly discussed for the later. Generally, the former problem may be solved by using model-based optimization method. 10, 11) Many research studies have been carried out on it, Pradenas et al. apply a scheduling program to optimize the smelter production based on the finite-state machine model. 12) Model predictive control also has been proposed to reduce production costs by taking into account the cost of energy, raw material or manpower.
13) The industrial applications of research studies play an important role in improving the production yield and quality for copper smelting plant. However, most of these studies developed have been applied only for steady-state process to optimize the operational parameters.
1416) It is difficult to optimization the dynamic transient procedure by using the steady-state model-based optimization methods due to the following hurdles: (i) the aim of transient cost-related optimization scheme is to change working conditions from real-time state to expectation, which is called dynamic transient procedure, the steady model used to describe the complex dynamic procedure have limited the validity; (ii) key state variables (such as matte grade) are measured intermittently with sampling intervals of approximately 1 h, 14) which makes it difficult to investigate the useful information (such as transient time, transient resources consumption, working state fluctuation, and so on) between intermittent time. In addition, little of the methods developed are perfect and all are far from ready to be used for dynamic transient procedure optimization. Thus, more researches will be regent required to solve the transient cost-related optimization problem of dynamic transient procedure for copper flash smelting process. Consequently, investigating a solving method for transient cost-related optimization problem for dynamic transient procedure is our thrust in this paper.
The main advantages of the present scheme are that: (i) the transient cost-related optimization problem, which is used to ensure the dynamic transient procedure optimization for copper flash smelting process, is presented a prior. (ii) with the optimization scheme proposed in this paper, the optimal operational parameters adjustment trajectories can be depicted detailed, this is useful in providing guidance for the adjustment of operational parameters. Meanwhile, the transient time and transient resources consumption during dynamic transient procedure also can be evaluated approximated; (iii) the impact degrees of different operational parameters adjustment on transient procedure of state parameters are different, which can be reflected by analyzing adjustment trajectories of operational parameters.
In the remainder of the paper, combined with the actual copper flash smelting process at a Smelter in China, the transient cost-related optimization problem is presented and described as an operational parameters trajectories optimization problem, and the corresponding solving scheme is also investigated in Section 2. Section 3 briefly describes the construction of dynamic model, and the Legendre Pseudospectral method also be discussed in the section. The results and discussions are given in Section 4. Section 5 is the conclusion of this paper.
Scheduling Problem

Process description
Outokumpu flash smelter at a Smelter in China is pyrometallurgical equipment for smelting copper sulphide concentrates. The copper flash smelting process essentially consists of dispersing and oxidizing a dry concentrate in an oxygen-enriched air stream. 17) Both flows enter through a set of chambers and ducts into the concentrate burner which disperses the gas/solid mixture into a vertical reaction shaft. When the suspension leaves the reaction shaft, the reacted molten concentrate particles and inert flux particles are separated from the gas stream and hit towards molten slag and matte. In the molten bath, the reactions are completed basically and matte and slag will be settled at the settler of the furnace as respective layers due to their different density ® a lighter slag phase rich in iron and a heavier matte phase rich in copper. 18) As a rule, the main variables of the copper flash smelting process are composition of the copper concentrate (mass fraction of Cu, Fe, S, SiO 2 , et al., %), the composition of the matte produced (mass fraction of Cu, %), composition of the slag produced (mass fraction of Cu, Fe and SiO 2 , %), and the matte temperatures (K). Of these, the matte grade, which is used as target indicator practically, is one of the comprehensive indexes in the copper flash smelting process when the amount of the treated material is invariable for the copper flash smelting process. The stable matte grade is important to the smelting, converting and the production of sulfuric acid. 19) In practice, the feed flow of copper concentrate is usually calculated and fixed in advance by a software program based on mass and energy balances considering desired matte grade. So the controlling strategy for copper flash smelting process can be described: Based on the unchanged flow of feed, the optimization running of copper flash smelting process is mainly handled by adjusting the flow of oxygen-rich (m 3 /h) and the flow of air (m 3 /h), which are known as operational parameters.
11) Thus, we define the matte grade as state parameter that is to monitor running conditions of copper flash smelting process in this paper, the flow of oxygen-rich and air are defined as operational parameters. Also, the composition characteristics of copper concentrate feed are described as the condition parameters and assumed to be fixed during dynamic transient procedure.
Problem description
According to the flash smelting controlling strategy described previously, the smelting controlling strategy can be considered to chare dried copper concentrate to the furnace at a prescribed rate and to bass all the controls of oxygen-rich and air flow on this rate, and the aim of controlling is to change the working condition from real-time state to expectation. Practically, we always hope that the dynamic transient procedure can be completed as quickly as possible with consuming resources as few as possible. Since the dynamic transient procedure is mainly completed by the adjustment of operational parameters, the performance index of dynamic transient procedure is determined by the adjustment trajectories of operational parameters. However, which kind of adjustment trajectories of operational parameters should be implemented to ensure the dynamic transient procedure optimization? This is our major concerned problem in the paper. From the analysis above, the transient cost-related optimization problem also can be described as the following operational parameters trajectories optimization problem: Find the optimal operational parameters adjustment trajectories and the corresponding state transient procedure that minimize the following performance index function, 
where, J is the transient cost-related function constructed by integrating transient time and transient resources consumption; G and F are endpoint cost and running cost, respectively, and expressed by G = t f ¹ t 0 ; t 0 , t f are the start time and endpoint time for dynamic transient procedure;
, u 1 (t) and u 2 (t) are the flow of oxygen-rich and air during dynamic transient procedure, respectively; is the consumption coefficient of resources, and ® is the coefficient represented for the amount of oxygen-rich compared with all amount resources during dynamic transient procedure. x(t) is the matte grade at time t, x min and x max are the allowed minimum and maximum values of matte grade with considering the downstream converters process. u 1 (t) and u 2 (t) represented for the flow of oxygenrich and air at time t, respectively. u are the minimum and maximum production capacity of flow of oxygen-rich and air, respectively.
In addition, the dramatic fluctuation of state parameter (matte grade) is harmful to production process, especially for the case near by the steady-state point. In order to avoid it, by using limiting the substantial adjustment for operational parameters, the following constraint is employed,
In eq. (2), x Ã is the expectative state parameter represented for matte grade, and it is also the endpoint state of dynamic transient procedure, which is set up based on the real-time condition parameters such as the mass fraction of Cu, Fe, S, SiO 2 of the copper concentrate, et al.; u Ã i (i = 1, 2) is the optimized operational parameters represented for the flow of oxygen-rich and air, respectively, by using model-based optimization methods. 11, 16) · i (i = 1, 2) is the influence coefficient of the oxygen-rich and air flow on the fluctuation of state parameter, respectively, and · 1 + · 2 = 1. The use of constraint eq. (2) is to ensure that the fluctuation of state parameter (matte grade) can be adjusted automatically according to the deviation of real-time state from expectation. It can be seen from eq. (2) that the operational parameters will be limited in a small adjustment domain when the real-state nears by the expectation, which is useful for the smoothness of dynamic transient procedure.
Solving method investigation
As mentioned previously, the transient cost-related optimization problem is described as an operational parameters trajectories optimization problem eqs. (1) and (2), where subject to equality and inequality hybrid constraints. The Pseudospectral (PS) methods are powerful tools for numerical solutions of integral and differential equations. 20, 21) In this methods, polynomial approximations of the state and control variables are considered where Lagrange polynomial are the trial functions and the unknown coefficients are the values of the state and control variables at the Legendre GaussLobatto (LGL) point. 22, 23) It is well known that this choice of collocation points yields superior results for interpolation of functions to the ones obtained from equidistant points. By using the properties of the Lagrange polynomials, the state differential constraints are imposed by evaluating the functions at the LGL points and using a derivative matrix that is obtained by taking the analytic derivative of the interpolating polynomials and evaluating them at the LGL points. The integral cost function can also be discretized by GaussLobatto quadrature rules, which provide highly accurate results for approximating integrals. 24, 25) The optimization problem is thereby converted into a nonlinear programming problem (NLP), 26, 27) which can be solved by a well-developed parameter optimization algorithm. Thus, the integral and differential equations in eq. (1) can be discretized with PS methods to a NLP and solved by a well-developed parameter optimization algorithm. In addition, due to the fact that the fluctuation constraint eq. (2) is developed according to the deviation of real time operational parameter from the optimal operational parameter related to the expectation, the optimal operational parameter should be acquired in advance. So, the modelbased optimization methods still also are employed to acquire the final operational parameters, 11, 16) u
, namely the optimal operational parameters at the endpoint for the dynamic transient procedure.
In summary, the solving scheme for transient cost-related optimization problem eqs. (1) and (2) is summarized as: (i) modelling the dynamic process of matte grade with the adjustment of operational parameter; (ii) optimizing the optimal operational parameters with related to expectative state by using model-based optimization method; and (iii) discretizing the differential and integral algebraic equations of eq. (1) to a NLP with PS method and solved it by a welldeveloped parameter optimization algorithm. Since solution (ii) beyond the scope of our discussion, detailed information may refer to literatures, we only discuss the method of (i) and (iii) in this paper.
Solution Approach
Modelling dynamic process
In practical, due to a number of energy transfer terms that are not well characterized or highly uncertain (e.g., radiation losses, energy involved in the combustion of the scrap material) about energy balance, 28, 29) which makes it difficult to track the dynamics of temperature changes within the reaction shaft. In addition, the heat required, which is used to maintain the flash furnace temperature, is made up by combustion of heavy oil except for the generated heat from oxidation reaction. In addition, with the improving of the auto controlling application level in practical production plant, the furnace temperature can be controlled at a desired domain basically. Moreover, the characteristic of available measurement on-line for furnace temperature data makes it more sense to be utilized as a process variable for predicting matte grade. Thus, we assume the dynamic transient procedure as the isothermal process, and we also have relied on knowledge of the process and some simplifying assumptions reasonably according the actual copper smelting plant:
(i) assuming the copper concentrate is primarily CuFeS 2 and FeS 2 , and the minerals CuFeS 2 and FeS 2 in the concentrate react rapidly and completely with seconds of being added to the furnace. 
where, v is the removal ratio of sulfur (%), k 0 is the preexponential factor, E is the activation energy (KJ/mol), R is the gas constant (8.314 J/(mol·k)), and T is the absolute temperature (K). P O 2 is the oxygen partial pressure (KPa), t is the reaction time (s) in the reaction shaft. The experience works have revealed that the reaction time t of the particles in reaction shaft is almost decided by the structure of the furnace, so the time parameter t can be considered as a pseudo-constant within the same furnace. Due to the reactions take place at slight negative constant pressure, differential equations of oxygen partial pressure can be given by,
In eq. (4), μ O 2 is the efficient utilization coefficient of oxygen and is given by μ O 2 ¼ 0:98, approximately according to the actual smelting plant, P T is the constant pressure and given by P T = 99.32 (KPa) according to the actual production data, and V S is the effective volume.
In addition, the formulation of copper losses in slag, 3336) sulfur solubility capacity in the slag 37) and the balance relationship of major components of Cu, Fe and S are employed in the paper, the further details on them are described in the literature. 11, 14, 18) 
Pseudospectral method
To solve the transient cost-related optimization problem, a spectral algorithm known as the Legendre pseudospectral (PS) method is employed. For the purpose of clarity and brevity, we do not provide the Legendre PS method in detail, and the further details on the Legendre PS method can be viewed in the literatures. 22, 23) The method, available through a Matlab-based software package called DIDO, 38) discretizes the problem and approximates the state and control variables using Lagrange interpolating polynomials where the unknown coefficient values are obtained at the Legendre GaussLobatto (LGL) node points. The embedded nonlinear programming (NLP) solver SNOPT, 39) which is based on sequential quadratic programming, then solves a sequence of finite-dimensional optimization problems that capture the full nonlinearities of the system.
Results and Discussions
This section is devoted to a numerical simulation experiment. We implement the transient cost-related optimization scheme proposed in this paper with DIDO software package within Matlab R2010a on a personal computer.
The ultimate goal of the transient cost-related optimization scheme proposed is to plan the optimal adjustment trajectories for operational parameters, which is used to ensure the dynamic transient procedure optimization. A sample (sampling time: 10:32 AM, 24th, Aug, 2006) is selected randomly as the initial parameters of the simulation in this section. For the reason of confidentiality, we cannot present the exact value for the sample data. The data demonstrate the excessive flow of O 2 and slag in slag phase (copper mass fraction in slag) are 826 m 3 /h and 1.67%, respectively, which more than normal losses about 533 m 3 /h (oxygen-flow calculated according to about 2% losses usually) and 0.9% (statistical value according to excellent conditions), respectively. So the utilization efficiency of copper concentrate and oxygen-rich can be improved further, and the corresponding working condition should be changed from the real-time state, x(t 0 ) = 60.01%, to expectation, x Ã = 60.66%, which is optimized by using model-based optimization method, 11, 16) and the related operational parameter of oxygen-rich and air flow also be optimized as u Practically, the ultimate goal of solving transient costrelated optimization problem for copper flash smelting process is to ensure the dynamic transient procedure can be received within the least time while as little resources consumption as possible, as well as the smooth behaviors. Moreover, the consumption of oxygen-rich amount during the dynamic transient procedure is the main concern for resources consumption. Thus, the model parameters and ® can be chosen as = 1 and ® = 1, respectively. Meanwhile, in order to ensure the smoothness behavior during the dynamic transient procedure, the parameter with stronger effect on performance index (matte grade) should be adjusted in advance, which makes the adjustment amplitude smoother near by the steady-state point. So, the model parameter in eq. (2) can be set as · 1 = 0.8.
Conclusion
In the present work, in order to solve the optimization transition problems for copper flash smelting process, combined with the actual copper flash smelting process at a Smelter in China, a transient cost-related optimization problem was formulated in advance. Then it was described as an operational parameters trajectories optimization problem, where subject to the equality and inequality hybrid constraints. Meanwhile, by limiting substantial adjustment for operational parameters, a fluctuation constraint was presented to ensure the smoothness of state during dynamic transient procedure. In addition, the PS-based optimization software package DIDO was employed to solve the transient cost-related optimization problem.
The numerical simulation results and discussions have shown that the optimal operational parameters adjustment trajectories can be constructed with relation to the corresponding performance index, which is useful in providing guidance for the adjustment of operational parameters for actual production process. They also revealed the opposition characteristic of transient time to transient resources consumption. In addition, by comparison with the adjustment of air flow, the adjustment of oxygen-rich flow plays a more important role in changing matte grade. The next main conclusion is that the fluctuation constraint employed can eliminate effectively the dramatic fluctuation of working state parameter.
The next step in our work is to implement the proposed transient cost-related optimization scheme on the actual copper flash smelting process manufactured by a Smelter in China. And we believe that the proposed scheme can reduce resources consumption and improve production efficiency, bringing about huge economic benefits for company.
